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THE MAGNETIC SUSCEPTIBILITY OF WATER. 


by HerMan DD. Sires 


™ |" [lx magnetic susceptibility of water at a given temperature, such 

as 20° C., is regarded as one of the constants of nature, but 
there is no general agreement as to its numerical value. Table I. 
contains the results published by a number of careful observers. In 
writing the susceptibility (A) no correction has been made for the 


susceptibility of air. The temperature coefficient of (A’) is of the 


order of .002, hence reduction to a common temperature could not 


bring the results into agreement. 


Panrte | 
/ id A 

Date Observer. Temperature. 10° 
1885 (uincke ! ao C. .84 
1888 luBois! 15 .86 
1892 Henrichsen 2 ao 
1895 Curie $ 18 .79 
1896 lownsend 10 Be i 
898 q 

a . k Gnigsberger > 22 .80 
1899 liger and Meyet 18 .66 


1 Wied. Ann,, Vol. 35, p. 137, 1888 
2Wied. Ann., Vol. 45, p. 38, 1892. 

3 Journal de Physique, p. 206, 1895. 

* Proc. Roy. Soc. London, 60, p. 186, 1896-7. 

5 Wied. Ann P Vol 66, p- 608, 1898; Drude’s Ann., Vol. 0, Pp: 5 6, 1901. 
6 Wied. Ann., Vol. 67, p. 712, 1899; Drude’s Ann., Vol. 6, p. 870, 1901, 
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to 


With the assistance of Mr. Angus L. Cavanagh, a student of 
physics in Stanford University, I have made a new determination. 
We have used that general method in which a right cylinder of 
water of cross-section (g) is set perpendicular to a magnetic field 
whose strength at one end of the cylinder is equal to (//) and at 


the other end is negligible. (A’) is given by the equation, 


Kk 


where ( /) is the numerical value of the magnetic repulsion in grams 
on the cylinder in the direction of its axis. The value of (g) in 
this locality is 98o. 


[n determining (/ ) we used a balance as Jager’ and Meyer did in 
their third determination. A glass tube was suspended from one 
end of a non-magnetic balance. The lower end was sealed abruptly 
and reached the center of the air Space between the parallel pole- 
pieces of a large electromagnet. In this position the change in the 
weight of the tube due to exciting the magnet was determined by 
several successive weighings. The tube was then filled with water 
to a height at which the field strength was negligible and the weigh 
mgs were repeated. Table Il. contains the record of the weighings 
and the computed value of ( / ) for the four different tubes that were 
used. The changes of weight indicated by ( p’ ) and (p” )in Table 
II. were made by the use of a single rider whose mass was deter- 
mined by each of us separately by comparison with a standard 
mass. Our results differed by .0o5 per cent. 

The cross-section (g ) of the cylinder of water contained in each 
tube was determined by the usual method of calibrating tubes by 
means of mercury. The height of the mercury column was read 
by each of two micrometer microscopes furnished by the Geneva 
Society, one of them belonging to the ‘‘ comparateur ” furnished by 
this society. The mercury was weighed on an ordinary analytical 
balance. Explorations of the magnetic field showed that the cross- 
section (g ) shouldbe measured between the heights of 1.5 cm. and 
1.5 cm. above the lower end of the tube. Above 4.5 cm. the field 
strength was so small relatively that slight variations in (¢ ) could 


! Wied. Ann., vol. 67, p. 707, 1899. 
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produce no appreciable effect, and below 1.5 cm. no lack of uni- 
formity in the field was found. The values found for (¢ ) are given 
in Table II. 

The water used was distilled from rain water caught in a glass 
vessel as it fell from a tile roof after copious showers had cleaned 
the roof. The water was condensed in tubes Nos. 1, 2 and 3 di- 
rectly from the still. That in tube No. 4 had been in another glass 
vessel for some months. Experiment showed, however, that even 
water from the University water system gave the same values for 


(A) as the nearly pure water used. 


Tase II. 
Tube No. 1. 1.282 sq. cm 
remperature. Current of Electromagnet. Repulsion 
Pul n 

21 12 .0039 

23 12 .0038 

23 12 .0038 

24 12 .0039 

24 12 .0038 

24 12 .00385 

22 12 .0039 

24 12 .0039 
M 23 12 .00385 

} \ Wat 

22 12 .0290 

22 12 .0290 

22 12 .0290 

24 12 .0291 
Mean 23 12 .02902 

Water alone (calculated 

23 12 03287 
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TABLE I1.—Continued. 


Tube No. 2. 7) 1.279. 


lube empty. 
PS 


} 

12 .0038 

12 .0039 

12 .00385 
Tube filled with water 

12 .0291 

12 .0291 

12 0290 

12 .0290 

12 02905 

Water al ilculated 

12 0329 

Tube N 3 1.333 
| mpty 

12 0068 

12 .0066 

12 .0067 
Dube filled with wat 

12 0275 

12 .0275 

12 .0274 

12 02747 

Water alone calculated 
12 .03417 
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TABLE I].—Continued. 
Tube No. 4- ) .469. 
lube empty 
m 
21 11.7 —.0011 
21 11.6 —.0012 
24 11.3 .00115 
ae 12 .0012 
Mean 22 11.7 .00116 
lube filled with water 
20 12 .0109 
20 12 .0109 
22 11.6 .0108 
Mean 21 11.9 .01087 
Water alone (calculated 
t (7, =(f7 ’ ?’) 
21 12 .01205 
No. of Tube. Temperature (pq 
l 23 256.4 
2 23 257.2 
3 23 256.3 
4 21 256.9 
Meai 23 256.7 
[he close agreement of the values of (f 7) would seem to show 


that the mean value cannot be in error by more than .5 per cent. 
In determining the field strength (//) three test coils were used. 

Coil No. 1 was mounted so that it could be turned through 180‘ 

Coils No. 


drawn out of the same field. 


2 and 2 were mounted on handles so 
that they could be No. 2 and No. 3 
were of nearly the same diameter and were wound with nine turns 
Coil No. 


turns of wire. 


in the field (/7) 


of wire each 1 was of smaller diameter and was wound 


with six Its effective area was almost exactly the 
same as that of the other two, its actual area being doubled on 


account of its turning through 180 An astatic mirror galvanom- 
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eter of long period placed at a sufficient distance from the elec- 
tromagnet was connected in series with the three coils, and the 
galvanometer deflections due to operating in the field (//) with the 
coils were observed. After continued practice a comparison of the 


three coils was made and the results are given in Table III. 


TABLE III. 


Comparison of the test coils in the field (H 


No. of Coil. Area (A). D: flection (a). Current. alA 
3 16.84 212 11.8 1.259 
1 16.92 213 11.8 1.259 
2 16.88 212 11.7 1.256 
3 y 11.7 
l 11.7 
2 y 11.7 
3 11.7 
1 d 11.7 
> 212 11.7 


This agreement being satisfactory coils No. 1 and No. 3 were 
selected for further use. 

As a standard instrument a current inductor of the pattern de- 
scribed on page 224 of Henderson’s Practical Electricity and Mag- 
netism was used. The formula for the number of lines of force cut 
by the test coil of such a current inductor when the current through 
its solenoid is broken is 


; sia _ 
N, = —1li.,}: 
10 '— 27 


Measurements of the constants of this instrument gave, for the 


value of (J,), 
N, = 210: 10°C. 


(C) was measured by Weston direct-reading portable ammeter No. 
10364 whose indications are certified to by the company as correct 
to .25 per cent. 

To test the accuracy of the measured constant of the current 


inductor, this inductor was connected in series with an earth induc- 
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tor and the galvanometer, and the deflections of the two inductors 


were compared. The result is given in Table IV. 


Comparison of earth ina for and curvent inductol 


Current in Solenoid 


Inductor Operated Deflection. of Current Inductor. 
Current 237 717 
Earth 235 
Current 236.5 .715 
Earth 234.5 
Current 234 .710 
Earth 234.5 
Current 234.5 .712 
Earth 235 
Current 234.5 712 
arth 235 
eee { Current 235.3 713 
( Farth 234.8 
( Current 234.8 712 
Calculated 
( Karth 234.8 
The formula for the earth indicator ts 


‘ 


where (//’) is the horizontal component of the earth's magnetic 
field. 
The mean of four determinations of (//’) by means of a Kew 


magnetometer set up where the earth inductor was used gave 


(f1") = .2482. 
Hence 
N, = 2.301 - 10°- .248 = 149300. 
For VV’, using for (C) the value .712 taken from Table IV., we 
D / 
have 
N’ = 210- 10°- .712 = 149500. 
This good agreement seemed to justify the use of the current 
dD D - ¢ 


inductor as an absolute standard. 
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To determine (//7) by comparison with the field of the current 


inductor, coil No. I was connected in 


series with 


the test coil of 


the inductor and with the galvanome ter, and the deflections due to 


rotating coil No. 1 in the field (//) and to breaking the current 


more scrics were 


Table \ 


Current in Electro 
magnet. 


i 


11.7 
11.7 


through the solenoid of the current inductor were observed. Coil 
No. I was then replaced by coil No and two 
made on different days. The results are given in 
PABLE \ 
/ é¢ / 
» : Current in 
Instrument Operated Deflection Solenoid 
birst SecTICs 
Current inductor 233 .669 
C oil No l 233 
Current inductor 233 668 
Coil No. 1 234 
Current inductor 234 .670 
Coil No. 1 233 
Current inductor 234 .670 
Coil No i. 234 
(¢ it inducto 233.5 .669 
~ are i u I : 0 
(Coil No. 1 233.5 
\rea of coil No 1, 16.92 
210 - 10° - .669 
i 8300 
16.92 
Second rie 
Current inductor 222 .666 
220 .666 
220 .664 
220 .663 
219 .663 
Coil No. 3 219 
219 
( Current inductor 220 665 
Mean ; 
{ Coil No. 3. 219 
Calcul ( Current 220 .665 
aiculate 
; : { inductor. 220 
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TABLE V.—Coutinued 


Third set 
Current inductor 222 .678 
220 .668 
220 605 
223 679 
( 1 No. 3 220 12 
( urrent inductor 219 666 
( No. 3 219 12 
( t inductor 219 .665 
Coil No. 3 219 12 
Siac ( (Current induct 22U.5 6706 
( Coil N 3 219.3 12 
( (Current Inductor 219.3 667 
ceneuaaaad | 3 219.3 12 
Mean current in solenoid in second and third seri .666 
\re f coil No. 3 16.84 
210-10 666 
// 8300 
16.84 


In view of the agreement between the current inductor and the 
earth inductor and also among the test coils, a greater error than 
1 per cent. in the value of (//) seems very improbable. 

Careful explorations of the magnetic field showed that the residual 
field and the field at the top ol the wate cy lindet were negligible. 
Hence it is correct to use as the formula for (A ) 


»orf 


[1"g 

The first four lines of Table VI. contain the values for A’ calcu 
lated from the values of (//7) in Table Il. and from the value of 
(/7) in Table \ 

The pol s of the electromagnet were moved closet togethe and 
another determination of (A’) was made by the same method and 
with the same apparatus This value appears in the fifth line of 
Table V1 

The poles were brought back to their original position and 


additional determinations were made, the field strength being varied 
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by changes in the exciting current of the electromagnet. The 


results are given in the last three lines of Table VI. 


TABLE VI. 

Valu of A’). 
Temperature. (A+ 10*) 
23 8300 .730 
23 8300 732 
23 8300 .730 
21 8300 al 
22 9700 .734 
22 8150 .736 
22 8030 .735 
21 7470 .738 
Mean 22 tao 


Admitting a possible error of 1 per cent. in the measurements of 


(/7) and of .5 per cent. in the measurements of ( ) the maximum 


q 
possible error in the result would be 2.5 per cent., and it would 
seem certain that the true value of (A’) lies between the values 
—.715-10°° and —.750-10-° at the temperature of 22° C. 

Opposed to this conclusion stand the results of all the observers 
quoted in Table I. except that of Henrichsen. The situation is 
well expressed by Jager and Meyer, ' who say, ‘ Eine ausreichende 
Erklarung fur die starken Abweichungen der Resultate der ver- 
schiedenen Beobachter steht sonach noch aus.” 

PHYSICAL LABORATORY, 


STANFORD UNIVERSITY, CAlL.., September, 1g02. 


Drude’s Ann., Vol. 6, p. 870, 1901 





NO. 8.7 THERMODYNAMIC FORMULA. lI 


THERMODYNAMIC FORMULAE FOR ISOTROPIC 
SOLIDS SUBJECT TO TENSION IN 
ONE DIRECTION. 


By J. R. BENTON, 


. ‘ioe purposes of this note are (1) to establish some thermody- 

namic formulz for isotropic solids, when acted upon by no 
external forces except a uniformly distributed tension in one direc- 
tion; and (2) to show that in consequence of these formula the 
coefficient of expansion and the specific heat of most isotropic sub- 
stances must increase with increasing tension, the change in specific 
heat being however very small. 

Consider a wire or rod of uniform cross section, subjected to 
tension. Let us exclude all actions upon it from outside, except 
the following: (1) the tension may be changed (inside the elastic 
limit) ; and (2) heat may be added (or abstracted). Let us assume 
that no internal changes take place in the wire, except as accom- 
panying one of the above-named actions from outside; and that 
then the internal change is determined by the action from outside. 
This assumption can be realized by metal wires. Under these limi- 
tations the system will have but two degrees of freedom. 

Let us assume further that the wire has been reduced to the 
‘normal elastic state’’ by repeated heating and cooling under vary- 
ing tension ; the effects of elastic hysteresis can then be neglected. 
When all these conditions are fulfilled, experiments show (1) that 
all processes which our assumptions admit, are reversible, or at 
least can be made as nearly so as we please, by making them pro- 
ceed sufficiently slowly ; and (2) that the state of the system can 
be completely defined by two independent variables. These varia- 
bles may be chosen in various ways; we shall find it most con- 
venient to use the absolute temperature (7) in centigrade degrees, 


and the tension (/) in dynes per square centimeter. 
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- 


Suppose 7 and / to increase; we know from experiment that 


the corresponding increase in the length / is given by 
al = (adT + bdP), (1) 


where / is the length at 0° C. and no tension, a is the coefficient of 
linear thermal expansion, and @ is the reciprocal of Young’s modulus. 
a and é are not constant, but are to be considered as functions of 7 
and P.' 


If heat is added to the wire, we have 
dO = McpdaT + 3dP), (2) 


where Q is the quantity of heat in gram calories, 17 is the mass of 
the wire, cp, the specific heat at constant tension, and # is a coeffi- 
cient to which no name has been given, but which might be called 
the latent heat of change of tension. c, and ,3 are to be considered 
as functions of Zand P?.' 


For the work IV, in ergs, done upon the wire, we have 


we 
~~ 


dW = gldl = ql PadT + PbdP), ( 


where g is the cross-section. In this expression we neglect the 
very small amount of work done by (or against) atmospheric pres- 
sure as the wire contracts (or expands) laterally. 

For the internal energy /, in ergs, we have, since mechanical 
work and heat are the only kinds of energy that enter or leave the 
system, 


dE = dW + JdQ = (gl, Pa + MJc,)dT + (gl,Pb + MJ3)aP, (4) 


where / is the mechanical equivalent of heat, in ergs per gram- 
( alorie. 

Since we consider only reversible processes, an_ infinitesimal 
change in the entropy (//) is given by the equation ¢// = dQ/T. 


We have accordingly 


itn at 4 al 

afi = —,.-al + —. aF. (5) 
/ . 

' That is, as long as we work with the same wire. a@ and 6 may have different values 


for another wire of the same substance, under the same conditions as to temperature 


and tension. 
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Passing in review the quantities under our consideration, we may 
classify them into (1) known constants, /,, 7, 1/7, and _/; (2) quanti- 
ties of independent physical significance, 7, ?, 4, £, H, W and Q; 
and (3) coefficients — a, 4, cp, and ,s— defined in terms of the de- 
rivatives of the quantities of class (2). It is our problem to estab- 
lish relations between these coefficients and their derivatives with 
respect to 7 and P. 

Equations (1)-(5), involving the coefficients a@, 4, cp, 3, and the 
known constants, give the differentials of 4, W, Q, £, //, in terms 
of the differentials of the independent variables 7 and P. dIV and 
dQ are not perfect differentials ; but we know by experiment that d/ 
is a perfect differential, under the conditions we have assumed. dé: 
and d// are perfect differentials, by the first and second fundamental 
principles of thermodynamics. 


We have, then, from (1), (4) and (5) 


(57) =(5p). 6 
(219%? + M81) ay + M/c,) ) 


i i OP 


(Ay (Se). (8) 


2 
where (~) means the derivative with respect to 7 at constant 
rf P 


( 
tension, and “ means the derivative with respect to /? at con- 
c 
7 


stant temperature. 
Carrying out the differentiations in (7) and (8), and bearing in 


mind the relation (6), we have 


(iB) -werm(%) 


(=) 3 a : 
—_— —_— = = { QO) 
o7 P / oP 1 
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. —— {op 
Substituting in (g) the value of ( 7 from (10) we get 
( P 


gl 


é -yy 
j=" -alT= 


where /, is the density at o°C. and no tension. 


Remembering that 4 is the reciprocal of Young’s modulus, we 


can put (6) in the form 
oO) \" Ca 
(a7). = - aR = 


where } is Young’s modulus, 


By substituting in (10) the value of ;# from (11) we obtain 


eS ) = - (2) ; (13) 


The last three equations are the ones to which it is desired to call 
attention. 

Iquation (11) gives an expression for the latent heat of increase 
of tension in terms of the coefficient of linear expansion, the abso- 
lute temperature, the density (at o° C. and no tension), and the 
mechanical equivalent of heat. If we substitute the value of # 


given by this equation, in (2), and set 70 = 0, we obtain 
df= — - aP. (14) 


the well-known equation for the change in temperature due to a 
sudden (adiabatic) change of tension; this equation was derived by 
Lord Kelvin, and was made the basis of a determination of the 
mechanical equivalent of heat by Edlund.' 

Equation (12) gives a relation between Young's r_odulus, its 
derivative with respect to the temperature (at constant tension), and 


the derivative of the coefficient of thermal expansion with respect to 


'E. Edlund: Quantitative Bestimmung der bei Volumver&nderung der Metalle 


entstehenden Wairmephinomene und des mechanischen Warmedquivalents. Pogg. Ann., 


CXXVI., pp. 539-572, 1865 
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the tension (at constant temperature). As a consequence of this 
equation we may say : If for a gtven substance Young's modulus 
decreases with rising temperature, then the coefficient of thermal ex- 
pansion wicreases with inereasing tension. Since it is the general 
rule that Young’s modulus d/ves decrease with rising temperature, 
we may accept it asa general rule that the coefficient of thermal 
expansion of solid bodies is greater when they are under tension 
than when free. 

According to (12) the coefficient of expansion of a metal wire, 
when strained to its elastic limit, may differ by several per cent. 
from its value when the wire is under no tension. In copper at 0° 
C., for instance, the difference may amount to about 5 per cent. 

An equation similar to (12) is given, as a result of slightly dif- 
ferent reasoning, by Dahlander,' who made experiments with copper, 
brass, german silver, iron and steel, to obtain the dependence of 
the coefficient of expansion on tension, and found a rough agree- 
ment with the formula. Dahlander determined the coefficient of 
expansion under different tensions; unfortunately he did not meas- 
ure Young’s modulus and its derivative with respect to the temper- 
ature for the same wires, but substituted in the formula the values 
obtained by other observers, with different wires. Accordingly no 
very close agreement with the formula can be expected, in view of 
the variation of mechanical properties in different specimens of the 
same substance. 

Equation (13) gives a relation between the derivative of the coef- 
ficient of expansion with respect to the temperature, the derivative 
of the specific heat with respect to the tension, and the absolute 
temperature ; the density and the mechanical equivalent of heat 
being supposed known quantities. As a consequence of this equa- 
tion we may say: // for a given substance the coefficient of expansion 
increases with rising temperature, then the specific heat (at constant 
tension) increases with increasing tension. Since it is the general 
rule that the coefficient of expansion docs increase with rising tem- 
perature, we may take it as a general rule that the specific heat of 
solid bodies increases as the tension is made greater. 

1G. R. Dahlander: Versuch, den Ausdehnungskoeffizienten von Metalldrahten bei 


ungleichen Spannungsgraden zu bestimmen. Pogg. Ann., CXLV., pp. 147-153, 1872 
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or most metals, however, this change in specific heat with the 


tension is inappreciable. Copper, for example, at 0° C., gives 


ae 


ee 7 (;;) 2/3 ” 
ae = — — = - x 4.04 XK 10 "“=20905xI10 - 
at Par ee es 2k Fee 5 


where / is expressed in dynes per square centimeter. Expressing 
P in kilograms weight per square millimeter, this becomes 
2.839 X 10. If the elastic limit is as high as 30 kilograms per 
square millimeter, the specific heat under this tension would differ 
by only 0.00009, or one tenth of one percent from its value under 
no tension. For steel, at o° C., the tension would have to rise to 60 
kilograms per square millimeter, before the specific heat would diffe: 


one fourth of one percent from its value under no tension. In 


° Cua ° , . , 
these computations the values of —_ given by Voigt’ have been 
¢ P 


used. Tor other metals the results are of the same order of magni 


tude. 

I am not aware that any attempt has ever been made to study 
the dependence of specific heat on tension experimentally 

The three equations (11), (12) and (13) were derived with 7 
and / as independent variables. The normal variables of the sys- 
tem are / and 7; / and Pare inverse variables. By using the 
relation ¢/=/, (ad7 + 6d¢dP), we could change the independent 
variables to / and 7, or to / and P. Such transformations of 
course lead to no new independent relations, but may bring into 
prominence relations not otherwise apparent, or may reduce the 
equations to more convenient form. <A thorough investigation of 
these transformations, however, has not led to expressions possess- 
ing either of these advantages. And the use of Pas an independ- 
ent variable, rather than /, has a great advantage, because 7? (and 
not /) is the quantity that can be varied directly (or kept constant ) 
luring experiments. 

W. Voigt : Wied. Ann. 
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ELASTICITY OF COPPER AND STEEL AT — 186° C. 
By |]. R. BENTON 


kK NOWLEDGE of the dependence of the elasticity of solids on 

temperature, aside from any scientific value in itself, is of 
interest also because inferences can be drawn from it regarding the 
variation of other mechanical and thermal properties,’ and because 
of its possible bearing on the theory of intermolecular forces in 
solids. 

Che variation of elasticity with temperature has been studied by 
Wertheim,’ Kohlrausch and Loomis,* Kupffer,’ Streintz® and Kie 
wiet,®> and was the subject of very careful researches by Pisati.’ 
These investigators worked mostly above ordinary temperature ; 
Wertheim extended his experiments to — 15° C.; the others did 
not go below 0°. The extremely thorough experiments of Pisati, 
which furnish such complete and accurate information ° for the sub- 


stances and temperatures he used, were made between 20 ind 


oo” 6% 
1S rticle: Thermodynamic Formule for Isotropic Solids subject to Tension in one 
Dire tion, PHY IX 
(;. Wertheim Untersuchungen iiber die Elastizitat. Pogg. Ann., Erganzungs 


band I1., pp. 1-115, 1548 
31, Kohlrausch and Loomis: Pogg Ann., CXLL., p. 481, 1870 
‘A. Kupfier: Mém. del’ Acad. imp. de St. Petersbourg (VI. sér.), Vol. VI, p. 393, 


i 


1857 

5H. Streintz: Uber die Anderung der Elastizitait und der Lange eines vom galvan 
ischen Strom lurchflossenen [Drahtes Pogs Ann., Cl » Pp 303, 1573 

6]. Kiewiet : Wiedermann’s Ann., XXIX., 617-654, 1886 

7(;. Pisati: Sulla Elasticita dei Metal 1 divers lemperature Nuovo Cimento, 
3d ser., Vol. I., p. 181; Vol. II., p. 137, 1877; Vol. IV., p. 1§2, 1878; Vol. V., pp 
34, 135, 145, 1879 

®()ne criticism may be made on Pisati’s experiments He employed the method of 
torsional oscillations, using wires about 70 cm long; for such short wires the uncertain 
distribution of stress at the points of support may have an influence appreciable within 


his limits of ert 
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The low temperatures now available for scientific work make 
possible an extension of this study of elasticity as influenced by 
temperature, previously carried on above, but not below, ordinary 
temperature. 

Some of the mechanical properties of matter have already been 
investigated at liquid air temperature. The ultimate tensile strength 
of a number of metals was measured by Dewar,' who found it 
greatly increased in most cases, the increase of strength being ac- 
companied by decreased elongation at rupture ; decreased elonga- 
tion appears to accompany the increased strength due to low tem- 
perature, much as it accompanies at ordinary temperature the in- 
creased strength in iron and steel, due to the presence of other sub- 
stances in chemical combination or as alloys. 

Dewar made no quantitative determinations of the elastic moduli, 
however, although he mentions several experiments which indicate 
an increase of elasticity at low temperature. Thus a rod of fusible 
metal, supported at one end and loaded at the other, offered such 
resistance to flexure as to indicate a value of Young’s modulus four 
or five times that at ordinary temperature. <A spiral of fusible 
metal wire, which would be pulled straight by an ounce weight at 
ordinary temperature, supported two pounds at liquid air tempera- 
ture, and vibrated like a steel spring ; thus showing greatly increased 
modulus of rigidity. Dewar attempted to measure the rigidity 
modulus of steel by means of a spiral spring, but could detect 
no change; my experiments show a slight increase. The greatly 
increased rigidity of rubber is familiar to every one who has used 
liquid air. 

There is no reason, however, to expect that most substances in- 
crease in elasticity at liquid air temperature as much as fusible 
metal or rubber. The metals of Pisati’s experiments without ex- 
ception decreased in rigidity with rising temperature, but at a rate 
that zzcreascd with the temperature. The change of rigidity with 
temperature is then less as a solid is further from its melting point. 
Furthermore, Pisati’s results for different substances at the same 
temperature show in general a smaller rate of change, as the sub- 

1James Dewar: Scientific Uses of Liquid Air. Proc. Roy. Inst., Vol. XIV., pp. 


393-404, 1894. 
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stance is farther from its melting point.' If we may extrapolate 
from Pisati’s results, we should expect a substance like iron which 
melts about 1600° C., to increase much less in rigidity at liquid 
air temperature than Dewar’s fusible metal, whose melting point 
may have been below 200° C. 

This reasoning &ppears confirmed by direct measurement of the 


elasticity of copper and steel wires at liquid air temperature. 


RESULTS OF EXPERIMENTS. 

Each of the numerical values about to be submitted represents 
only a single complete determination.’ Unavoidable circumstances 
prevented continuing the experiments so as to verify by repeated 
trials the results obtained, or to make determinations with other 
substances than copper and steel. It seems worth while, however, 
to put the experiments on record, even though the results are not 
numerous, and can not claim the same reliability as if there had 
been an opportunity to repeat the determinations. 

The numerical values given below were obtained from wires 
approximately one meter long and 1.5 mm. in diameter. Young’s 
modulus was determined by micrometer measurement of the exten- 
sion under known tension ; the modulus of rigidity by measurement 
of the statical twist due to a known torque; a detailed description 
of the apparatus follows later. In determining Young’s modulus, 
the tensidn was varied approximately from 3 to 11 kgs. weight per 
squaremm. For the rigidity modulus, the torque was varied from 

1] have computed the accompanying table from Pisati’s values: the first column of 


figures gives the melting point, the second gives the change in rigidity modulus per de- 


gree Celsius at 0°, expressed in percentage of rigidity modulus at o° C.; that is, 


= . , where & is the modulus of rigidity, and 7 the temperature. 

Aluminum, 600°-650° C. 0.064 

Brass, 910 0.035 -0.039 
Silver, 920-1040 0.027 -0.041 
Gold, 1035-1250 0.0204 
Copper, 1050-1330 0.023 —0.025 
Steel, 1300-1400 0.0195 

Iron, 1500-1800 0.0207 
Platinum, 1765-2200 0.012 -0.015 


* Except that of Young’s modulus for copper, which was determined twice with the 
same wire. The two results differed by 3 per cent. 
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100 to 300 dyne-centimeters per centimeter of length, the (con- 
stant) tension being about 11 kgs. weight per square mm. 
Denoting by Y,and XR, Young’s modulus and the rigidity mod- 
ulus at the temperature 7° C., the experiments give the following 
results : 
For the copper wire (hard-drawn), making no,allowance for ther- 


mal contraction, 


, a oe a = 
Yio = Y,, X 1.177 + 0.020, 
R ian R,, x 1.003 + 0.003. 


y = YY. x 1.085 + 0.007, 


72 =a 0.000." 

By correcting for thermal contraction, these values are slight] 
modified ; but the change in them is of the same order as the prob- 
able errors, so that it is not necessary to know the coefficients of 
thermal expansion at low temperatures with extreme accuracy, pr 
vided we can be sure they do not increase greatly with decreasing 
temperature. There is no reason to expect such an increase. The 


> 


experiment of Zakrzewski* extending to —103° C., show diminished 
coefficient of expansion with decreasing temperature. By extra- 
polation from his results the average coefficient of expansion of cop- 
per between 20° and —186° may be taken as 0.00001 56, and that 
of iron as 0.0000105. Using these values, we obtain the corrected 
ratios : 


For the copper wire : 


Y_ w= Y,, X 1.180, 
. R_ eg = Ry X 1.073 
For the steel ‘wire 
Y cop ™ ¥., X% 1.087. 
R =, x 1.079 


‘The + refers on'y to the accidental errors, and takes no account of the systematic 


error mentioned on page 24 


* These ratios refer to the values at room temperaturt fore cooling ; those after cool- 


ing differed slightly. See page 23 


3 J. Zakrzewski : Der Ausdehnungskoeffient fester K6érper bei tiefen Temperaturen. 


Bull. de l’ Acad, de Cracow, 1889. \bstract in Die Fortschritte der Physik, 1889. 
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According to the theory of elasticity, Poisson’s ratio (x) is ex- 
pressible in terms of Young's modulus and the modulus of rigidity 


by the formula! 


Y—2R 
t= . 
2K 
From this equation we find for the copper wire z_,,, = 1.098x,, 
0.098 ; and for the steel wire z = 1.008 z, 0.008. Poisson’s 
186 ) 


ratio then is greater than at ordinary temperature. 


COMPARISON WITH THE VALUE OF ELASTICITY AT OTHER 
‘TEMPERATURES. 

The mechanical properties of matter in the solid state vary with 
different specimens of the same substance. Accordingly our numer- 
ical values, obtained from a single copper wire and a single steel 
wire, must be considered as representing simply the behavior of 
those two particular wires, and not that of copper and steel in gen- 
eral ; these values can at best furnish but rough indications of what 
may be expected with other copper and steel wires. This is more 
particularly the case because the wires did not undergo special 
treatment to reduce them to normal elastic condition, such as re- 
peated heating and cooling, which would have been too wasteful of 
liquid air. 

Nevertheless it is interesting to compare the variation of elasticity 
in these wires with that observed in other wires at higher tempera- 
tures by Pisati and Wertheim. I have accordingly plotted some of 
the values obtained by these observers, together with my own for 
liquid air temperature (Figs. 1-4, page 22). Regarding the modulus 
of rigidity, however, it must be remembered that in my experiments 
torsion took place isothermally, while in Pisati’s it must have taken 
place nearly adiabatically, as the period of torsional oscillations was 
less than two seconds. 

It will be seen that my results are not greatly different from those 
which would be obtained by extrapolation from the values of Pisati 
and Wertheim, except in the case of Young’s modulus for steel, 
which is considerably greater at —186° than would be expected 

' This formula assumes homogeneity, an assumption which is but imperfectly fulfilled 


in drawn wires 
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from Pisati’s experiments. My result, corresponding to an average 
increase of about 0.04 per cent. per degree C., seems more in ac- 
cordance with the rather vague statement of Styffe,’ that Young’s 
modulus for steel increases with decreasing temperature not more 


than 0.03 per cent., or at most 0.05 per cent. per degree C 


ANNEALING EFFect oF Liouip AIR. 

Wertheim’ observed that subjecting metals to low temperature 
(— 15° C.) leaves a residual effect, similar to that due to annealing 
when they are heated. The same phenomenon was observable in 
my experiments. Thus the modulus of rigidity of the copper wire 
after cooling to — 186° and warming again to room temperature, 
was less than it had been before, in the ratio of 0.974 +0.003:1, 
while that of the steel wire was greater in the ratio of 1.022 + 0.005 :1. 
Sudden cooling from high to ordinary temperature anneals copper 
and hardens steel ; it appears that the same effect occurs in copper 
as a result of sudden cooling from ordinary to very low tempera- 
ture, since the modulus of rigidity of copper decreases with anneal- 
ing.* From the general impression that the modulus of rigidity of 
steel is increased by hardening, it would be easy to conclude also 
that steel is hardened by sudden cooling to — 186°; recent experi- 
ments, however, show that the rigidity is slightly decreased, instead 
of increased, by hardening.‘ From this it would appear that steel 
is not hardened, but annealed, by sudden cooling from ordinary tem 


erature ; but the data are not sufficient to draw general conclusions. 
| g 


DESCRIPTION OF THE APPARATUS FOR YOUNG'S MODULUS. 
The arrangement used to determine Young’s modulus is shown 
in Fig. 5, which is not drawn to scale, but is simply a diagram ; 
some of the dimensions being exaggerated, and front and side eleva- 


tions being combined in one figure. 


' Knut Styffe: Jern-Kontorets Annaler, XXI1., pp. 11-64, 1866. Abstract in Ding 
ler’s Polytechnisches Journal, CLXNXXYV., pp. 205 and 282, 1867. Also in Kent's Me- 
chanical Engineer’s Pocket-Book. 

* Pogg. Ann., Ergainzungsband II., pp. 1-115. 

3 Effect of Drawing on the Elasticity of Copper Wire. J. R. Benton, PHys. REV, 
XIII., 4, pp. 234-245, 1901. See also the researches of Wertheim and Pisati. 

‘Prof. Thos, Gray: Effect of Hardening on the Rigidity of Steel. Science, New 


Series, Vol. XVI., Pp. 337, 1902 
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A was a strong bracket fastened firmly to the wall ; the wire 2, B 
passed through a hole in A and was held there by a set-screw. C, 
C was an iron pipe, through which the wire hung; it was one half 
inch in external diameter, and go cm. in length. On its lower end 
was soldered a chuck JY, which was screwed up so as to grip the 
wire, and at the same time close the end 
of C. The extension of the wires under 
varying stress was measured with microm- 
eter microscopes, placed at - and / 
the distance between the marks on which 
they were sighted was about 98 cm. 
When the wire was cooled with liquid air, 
thick frost de p sited rapidly, and obscured 


the marks; this difficulty was overcom«¢ 


by fastening on the wire little air-tight 
vessels G, G, containing calcium chloride, 
ind closed by plane class on the sidk 
owards the micrometers. The marks 
vere illuminated by light from a distant 
iJ gas flame, focused upon them by lenses 
The stretching forces were applic d by the 
‘3, weights //, acting through the lever 


Fie 5. - of mechanical advantage five fourths. /, / 

were rigid shelves for supporting the mi 
crometers Liquid air was introduced into the pipe C from th 
Dewar bulb Z by means of a force-pump arrangement J7, devised 
by Dr. J.S. Shearer. A, A was a elass tube, reaching to about 50 
cm, from the bottom of C. 

In order that the points on the wire at / and / should have the 
same temperature as those within C, the short tubes .V, V were fas 
tened on the wire. The intention was to keep them full of liquid 
air: I did not succeed, however, in securing a suitable arrangement 
for keeping them filled; they were empty during my observations, 
which are accordingly subject to error to the extent that part of 
the wire between / and / was not as cold as that within C. Of 
the total length between / and /, about eleven twelfths was 


within C. 
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When the pipe C was filled with liquid air, the tension of the 
wire being constant, it was found that the marks at & and / slowly 
moved up and down in an irregular manner, owing presumably to 
irregular thermal expansion and contraction in the wire above £, 
according as it was warmed by air currents from the room or cooled 
by the air boiling off at the top of C. To measure the extension 
under these conditions, the following procedure was adopted. 

With a given load on //,a reading was taken at /; the in- 
stant it was obtained an assistant changed the load on //, and a 
reading at / with the new load was taken. The time required for 
such a pair of readings was less than ten seconds. The difference 
between the two readings gives the depression of the point / ; by 
taking the two readings of a pair rapidly, concordant results for the 
depression were obtained, although the reading for the same load 
fluctuated continually. Ten such pairs of readings were taken for 
the lower micrometer; then ten were taken similarly for the upper 

‘. ; 


one; the difference of depression at /: and at 


] 


/ gives the elongation of the wire between £& 


and / 


APPARATUS FOR THE MopuLuS OF RIGIDITY. 


In researches on the modulus of rigidity 
the method of torsional oscillations has been 
employed almost exclusively, on account of 
its great convenience and accuracy, as com- 
pared with other methods. In my experi- 


ments, where the wire hung through a tube 


filled with rapidly evaporating liquid, the | 
method was clearly impracticable ; I there- I] ial 
fore used a statical method. , 

The apparatus is shown in Fig. 6, which, ES 
like Fig. 5, is merely diagrammatical. Th« } 
method of suspension from A, and the tubes 
( and JV, .V, are the same as used for Young’s 
modulus. To the top of C was rigidly fastened 
a horizontal wooden pulley /, 24 cm. in diameter. Liquid air was 


introduced into the pipe C by means of a glass tube G, which was 
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connected toa funnel /, supported on the pulley £, and free to turn 
with it. In order to damp torsional oscillations, the two vanes /, /, 
dipping in vessels of glycerine, were clamped to the lower end of C. 
Besides the apparatus shown in Fig. 6, there was at the top of the 
wire a torsion-head arrangement; and at the bottom of C a sys 
tem of counterpoise weights for bringing the center of gravity of 
C below its point of attachment to the wire. 

The arrangement for applying a constant twisting moment to 
the wire is shown on a smaller scale in Figs. 7 and 8. Light 
flexible threads, a, a, were fastened at one end to opposite sides 


of the rim of the pulley /, at 


I 
] (s )é : m the other end to the walls of 
a 
the room about 7o cm. above 
-—* I: The distance from C to 
each wall was about 2 meters. About 1 meter from C, on each side, 


very light scale-pans 4, 6 were fastened on the thread. If weights 
were placed on these scale-pans a couple acted on the pulley /, 
by reason of the increased horizontal pull in a,a; “£ accord- 
ingly turned until the couple was balanced by torsion of the wire. 
To determine the absolute value of this couple, accurate knowledge 
of the various distances and of the weight of the thread would have 
been necessary. Since, however, the purpose of the experiments 
was simply to cowpare the torsional elasticity at —186° C. with that 
at ordinary temperature, it was not necessary to know the absolute 
value of the couple, but only to be able to apply the same couple 


at different times. 


, ome 


To measure the angle through which the wire was twisted a 


vertical plane mirror d (Fig. 8) was fastened to the pulley £. 





No. 1.] ELASTICITY AT — 186° C. 27 


Since / was rigidly fastened to the pipe C, which in turn was 


fastened to the lower end of the wire, d@ turned through the same 


angle as the lower end of the wire. A second vertical plane mirror 
e (Fig. 7) was clamped to the wire itself just above the top of 


C. By means of lenses the light of a gas burner passing 
through a narrow slit was brought to a focus after reflection from 
the mirrors @ and ¢, so that two images of the slit were 
cast upon a scale 359 cm. distant from the wire and 4 meters in 
length. By reading the distances through which these images 
were displaced by the addition of weights to the scale-pans 4, 4, 
the angles through which the mirrors d and ¢ turned could be 
computed ; the difference between them gives the angle of twist of 
the wire. 

The apparatus was used in the following manner: Weights were 
chosen, which when placed in the scale-pans 4, 6, twisted the 
wire about 12°. A set of twenty readings was made at room tem- 
perature, alternately with and without these weights in the scale- 
pans; the position of the wire was slightly varied two or three 
times during the set by means of the torsion head at its upper end. 
Then the pipe C was filled with liquid air, and the same process 
was repeated, using the same weights. If A, is the modulus of 
rigidity and a,theangle of twist at temperature 7° C., then we 


have 


R =k, x am 


making no allowance for thermal contraction. After the wire had 

returned to room temperature, another set of readings was taken. 
My thanks are due to Mr. K. P. Beardslee, of Cornell Univer 

sity, for assistance in taking the readings for Young’s modulus. 


CORNELL UNIVERSITY, June, 1902 
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GENERALIZATION OF CARNOT'S CYCLE 
By SANFORD A, Moss 


st 1} ideal heat engine cycle proposed by Carnot comprises the 
following operations: adiabatic compression from absolute 
temperature 7) to 7\, then addition of heat at constant temperature, 
next adiabatic expansion, and finally extraction of heat at constant 
temperature until the cycle is closed. The ‘efficiency’’ of this 
cycle, that is the ratio of the mechanical work done by the working 
substance, to the heat added, is well known to be e= 1 — 7)/7). 

We shall show that the same expression for efficiency holds for 
the more general cycle in which the addition and extraction of heat 
are carried on with varying temperatures, provided that the “ specific 
heat’’ has the same constant value during these periods. The 
operations performed on the working substance will then be as fol- 
lows: adiabatic compression from absolute temperature 7, to 7), 
then addition of heat during expansion so conducted that the tem- 
perature varies directly with the heat added, that is, expansion with 
‘‘constant specific heat,’ next adiabatic expansion, ard finally ex 
traction of heat with constant specific heat of the same magnitude 
as during addition of heat. 

Before proceeding with the proof of this statement we shall con- 
sider the operation of adding heat with ‘ constant specific heat.” 
While a quantity of heat 7@Q is being added to unit mass of any 
substance, the volume may at the same time be varied an arbitrary 
amount dv, so that external work is done having an arbitrary value 
I J padi ; The difference between tO and | / pdv goes to increase 
the internal energy of the body and the temperature may therefore 
increase an amount @7. Since ¢Q and 1// paz are independent we 
may make their difference such that d7 will have any value that we 
choose. That is, the value of @2d/ may be made anything we 


please if we assign an appropriate value to d7/d@Q. Now dQ/dT is 
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the ‘‘ specific heat”’ and dv/dQ is the rate of expansion during ad- 
dition of heat. Hence by properly varying the rate of expansion, 
we may make the specific heat assume any desired series of values. 
As a particular case the rate of expansion dv/dQ may be so adjusted 
that the specific heat @Q/d7 has any desired constant value while 
heat is being added. The line on a “ fv”’ diagram representing 
such an expansion we may call a “ line of constant specific heat.” 
For solids, lines of constant pressure are approximately lines of 
constant specific heat. For a perfect gas the curve fv" = constant 
is a line of constant specific heat, 2 having any value whatever. 


Although this fact is well known, the following brief proof will not 


be amiss. <A perfect gas is defined as one obeying the relations 
pu = RT and dQ =cd7 + 1// pdv where c is a constant called the 


specific heat at constant volume.” From the relations pv = RT 


and fz" = constant, we have 


npdov + vdp = O 
By subtraction 
: Rd1 
par = ° 
- I—w 
Hence 
” R a 
dO =cdl +> al. 
J/(1 —2n) 
Therefore 
10 R 
— — ¢ T 
a7] ‘(1 — 2H 
This is constant and therefore the curve fv" = constant is a line of 
constant specific heat for a perfect gas for any value of #. For 
# =O we have a line of constant pressure, for x = o@ a line of con- 
stant volumé, for 7 = 1 an isothermal line and for 7=c_ /c= an 
. 
adiabatic. These are therefore all lines of constant specific heat. As 


actual gases depart slightly from the perfect gas laws lines of con- 
stant specific heat for them will be curves fv" = constant where # 
is not a constant but varies slightly during expansion. The iso- 


thermal curve or line of constant temperature, for any substance 
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whatever, is a line of constant specific heat since dQ/dT has the con- 
stant value o. 

With this consideration of the properties of lines of constant 
specific heat we will return to the discussion of the generalized heat 


engine cycle. Let 0123 be the fz diagram of a heat engine cycle, 


Fig. 1. 


any working substance whatever being used; where O1 and 23 are 
adiabatics and 12 and 03 are any lines of constant specific heat, 
with the same value of dO/d7. Let 7 be the variable value of the 
absolute temperature at any point in the cycle and let dV be the 
corresponding increment of heat per unit mass. From oto 1 dQ 
is always zero as the compression is adiabatic. From 1 to 2 an 


amount of heat dQ is added and this is the amount of energy 
e/ 1 


supplied to our heat engine. [rom 2 to 3 there is adiabatic ex- 
pansion and dQ is again zero. From 3 to o heat is extracted or a 
negative amount of heat is added dV. The mechanical work 


done by the engine is the area of the cycle diagram and this must 
be equal to the algebraic sum of the amounts of heat added during 
the various events, by the law of conservation of energy. Hence 


the efficiency of the cycle is 


dO + dQ 
eI es 


| dO 
1 


Since all of the heat is added along curves of constant specific heat 
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and since the value of the specific heat is the same throughout we 


have dV = Cd7. Hence the expression for efficiency may be written 


[ dT + | CAT 
el e/5 
tutsaLaF 


‘Cal 


7, — T, 
 T—7 


We may simplify this expression by means of a relation deduced 





from the application of the second law of thermodynamics to our 


cycle. As we have a closed reversible cycle we may write 


"dO 
7 =a (¢) 


the integration being made over the whole cycle. This becomes 
therefore 
(> "dO 
v1 


7 + T = O. 
Since we have always dV = Cd7, 
"(aT “Cal 
J Tr + z a O 
OI OY 7, = og T. 
. £ 
or r= T 














SANFORD A. MOSS. Vor. AVE. 


r 
~~ 
to 


Substituting this relation in our expression for the efficiency, we 


obtain 


This is at once recognized as the value of the effici« ney of a Car- 
not’s cycle. In fact Carnot’s cycle is included in the general class 
of cycles considered since the lines of addition and extraction of 
heat, being isothermals, are lines of constant specific heat for ‘which 
dQO/d¢T has the same value, viz., o. For this reason we may call the 
general cycle we have been considering a ‘generalized Carnot’s cycle.”’ 

We have shown therefore that all heat engines having adiabatic 
compression from 7, to /, and addition and extraction of heat along 
any lines with the same constant specific heat; have the efficiency 
1— /,/7,. 

The temperature variations during the time heat is added or 
taken away have no influence on the efficiency. It is often sup- 
posed that the efficiency of heat engines always increases with the 
maximum temperature, but this is seen to be erroneous, and cycles 
of the class considered have the same efficiency whether the tem 
perature is constant or is raised to any value whatever during addi 
tion of heat. 

We have developed our efficiency theorem for a heat engine 
using any working substance whatever. It will be worth while to 
give an independent proof for the case where the working substance 


+ 


is a perfect gas. As we have shown, the curves fz" = constant are 
lines of constant specific heat for a perfect gas. Zeuner has called 
these ‘“ polytropic curves.’ Our theorem therefore assumes the 
following form. A heat engine using a perfect gas with a cycle 
formed by two adiabatic crossed by two polytropic curves with the 


same index, has the efficiency 1 — 7) /, where 7, and 7, are the 


initial and final temperatures of the adiabatic compression his 
theorem was announced some time ago by Rontgen, 
generally known to students of thermodynamics. The following 
prool is believed to be new. 

Let the previous figure represent the pz diagram of the cycle, o1 


and 23 being adiabatics and 12 and 03 curves of the form fz" = 
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constant Let V be the total heat per unit mass added from 1 to 2 


and 7 the he it « xtracted from : Oo 2 We have already established 


the followin y relation for a pe riect gas: 


dO = | ( 
Hence 
(J/= 420 = 
J 


K 


NI — d)} 


In the same way we may obtain 


y> 


ae KN | 


pm * ee ay a> fy) 


Since the value of 7 is the same for both cases, 


Simuliarly 


By tlivision 


Since O and 1 are on the same adiabatic we have by a well-known 


n= (7)° = (Fe 


j 
Jw 


relation 
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where & is the ratio of the specific heat at constant pressure to the 


specific heat at constant volume. 
(y= (2)5 
vs ts 
Pp, (")=(7)% =. 
Po : ie 


0 ( 


Hence 


Therefore 


In the same manner we may show 


n= (7)° 


Hlence 
l’ Fo 


By means of this relation we may simplify our expression for Q:@. 


We then obtain 


O 7 g 
= . whence I — =tI— te 
/ 


| lence 


Since QO —g is the mechanical work obtained from the engine, 


the ratio of 0 —qg to QO is the efficiency. That is 


This result for the special case of a perfect gas agrees with the re- 
sult for the ceneral case, as of course it should. 

An important application of the theorem we have developed ts as 
follows: Gas engines or ‘internal combustion” engines, and hot- 
air engines use a working substance which may be considered as a 
perfect gas. Hence when heat is added and extracted at constant 
volume, as in the ‘* Otto” gas engine or Stirling air engine, or when 
heat is added and extracted at constant pressure, as in the Brayton 
gas engine or Joule air engine, the efficienc y is the same as fora 
Carnot engine with the same range of compression temperatures. 


SIBLEY COLLEGE, 


CORNELL UNIVERSITY. 
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SOME OPTICAL PROPERTIES OF IODINE. 
By WILLIAM WEBER COBLENTZ, 


|’ Y)DINE is an interesting example of apparently several allotropic 

states. At low temperatures iodine vapor’ gives a banded ab 
sorption spectrum from red to violet. As the temperature increases, 
absorption in the blue and violet increases, and finally becomes con- 
tinuous. At still higher temperatures blue and violet are again 
transmitted and bands appear. 

he relation of the spectra of chlorine and bromine gases * to 
that of iodine has also been extensively investigated. It has been 
found that for the halogen group the absorption lines shift toward 
the red with increasing atomic weight. 

According to Gange® iodine is the only element which distin 
guishes itself by peculiar properties towards two groups of solvents. 
The first group, to which be long water, the alcohols, ethers, et« - 
with increasing concentration, dissolves iodine with a yellow to a dark 
brown color. In this group the solutions appear in colors which 
resemble closely those of solid and liquid iodine by transmitted 
light. The second group, to which belong carbon _bisulphide, 
chloroform, benzol, etc., dissolves iodine with a violet color, which 
resembles more nearly that of the vapor, and gives the same spectrum 
Hence, the molecular arrangement in the first group of solutions is 
assumed similar to that of solid and liquid iodine, and in the second 
group similar to that of the vapor. 

The second group is also assumed to have a simpler structure. 


lo test this the cS, solution was cooled in a mixture of solid 


carbon dioxide and ether. It became brown.‘ In solutions of 

Konen, Wied, Ann., 65, p. 25 1898 é f phy of 
vor ne n lodine vapor both e1 I tion spect Se€ Kayser, 
Spectrala yse, p. 254 

2}. Laird, Astrophys. Jour,, Sept., 1g01, for bibliography. 

}Gange, Lehrbuch der angewand. Optik in der Chemie, p. 225 


‘IX. Wiedemann, Sitzber. Phys. Soc. Erlangen, 1887 


/ 
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iodine in carbon bisulphide above the critical temperature, where 
the state approximates that of a gas, but the density that of a 
liquid, Wood! found that a continuous or banded spectrum ap 
peared according to the amount of the solvent. These bands seemed 
to appear only in the presence of an excess of free 1odine and each 
aggregation apparently caused a change of spectrum. 

Of a different nature is Tyndall’s ingenious work on the dia 
thermancy of iodine in carbon bisulphide. He discovered this prop 
erty for the infra-red rays” in 1865, and ‘‘to make radiant heat an 
explorer of molecular conditions,’’ he used the carbon bisulphide 
solutions to filter the obscure from the luminous rays. * 

It isthe purpose of the present paper to describe some experi 
ments upon the optical properties of this interesting element. The 
work divides itself into four parts, viz.: 

1. The study of the absorption spectrum of iodine in solution 

2. The study of the absorption spectrum of solid and liquid 
iodine. Comparison of the thickness of iodine as a film, and in 
solution. 

3. Pleochroism of iodine. 


4. Anomalous dispersion in solid and liquid iodine. 


I THe ApsorperioN SPECTRUM OF IODINE IN SOLUTION 


So far as the writer is aware no recent or systematic investigations 
of the optical properties of iodine dissolved in carbon bisulphid 
have been made, although iodine solutions have been used in thx 
determination of the radiant efficiency of various sources of light 
for nearly half a century. 

Desain and Aymonet,' using a quartz prism and thermopile, 


Oo 


report a “cold” band in the infra-red at an angle of 1° 30’ from 


the extreme red. 

In 1883, H. Becquerel’ found that a concentrated solution, 2.5 
cm. in thickness, absorbed all the rays up to the A line and allowed 
the less refrangible to pass. 

Wood, Phil. Mag., 41, 1896. 
* Tyndall, Poggendorf’s Ann., Bd. 124 (1865) 
3 ‘Tyndall, Contributions to Molecular Physics 


‘Desain and Aymonet, Compt. Rend., 81, p. 423 (1875 


> Hf. Becquerel, Ann. Chem. et Phys. (5), 30 (1883 
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In the following paragraphs it is proposed to describe measure- 
ments of the absorption spectrum of iodine solutions, which were 
made for the purpose of obtaining more definite information con- 


cerning these and other points. 


1. Measurements in the Visible Spectrum. 


In the study of the visible spectrum a “horizontal slit ’’ spectro 
photometer’ was used. A series of thirteen solutions containing 
from 3.3 to 0.017 milligrams of iodine per cubic centimeter of 
carbon bisulphide was prepared, by dilution. Although not very 
economical, this method reduced the errors in the concentrations. 
The cell containing these solutions had thin walls of lantern slide 
glass. The thickness of the liquid layer was 1.5 centimeters. 

Measurements of the trans- 
mitting power of these solutions 
were made for 1g different re- 
gions of the spectrum between 
0.742 and 0.464. The effect 
of the cell walls and of the solv- 
ent were eliminated by observa- 
tions upon the cellfilled with clear 
carbon bisulphide. The absorb- & : 
tion of iodine in the visible spec- 


trum was found to consist of a 





single broad band with its max- 


imum at wave-length 4=0.5 p, 





the transmission curve being 





steeper on the side towards the 
violet. 

The gradual development of this absorption band is best indicated 
in Fig. 1, which shows the transmitting power throughout the 
visible spectrum of several solutions 1 cm. in thickness. The data 
for these curves were obtained by substituting the values given in 
- I 


is the intensity of the incident and /) is the 


n 
Table I. in the formula — log = log ,, where ~ and m are the 
m 


relative thicknesses, /, 


'E. L. Nichols, PiysicaL Review, Vol. II., p. 140. 
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transmitted light, and are given in Table II. For the weakest 
solution, 0.017 mg. per c.c., the transmission in the maximum of the 
band is about 64 per cent., which corresponds to a transmission of 
nearly 80 per cent. for a layer one centimeter thick. As the con- 
centration increases the absorption band widens and becomes more 
dense, so that a solution of only 0.25 mg. per c.c. transmits only 
about 2 per cent. in the center of the band. All stronger solutions 
are opaque in this region, and as the concentrations increase this 
opacity extends, until finally the whole of the visible spectrum is 
absorbed. The strongest solution upon which it was found possible 
to make spectrophotometric measurements even in the red, con- 


tained 3.3 mg. per c.c. 


TABLE I, 
WS? , we wt Car n Bisulhp 1 Thich f ¢ 
pee. Transmission, /, 7 
Conc. 
mg. per c.c 3-3 2.9 2.0 1.6 1.3 1.0 0.7 0.5 25 13 07 .035 .O175 
Normal 
Solutions. .OI2 .O117 .0079 .0063 .0051 .0039 .0028 .00197 .00088 .0005!1 .00028 00014 .00007 
.406 u 2e| «43 .76 .86 .90 1 .98 1.00 
.424 .07 .08 mY .42 .61 .70 .86 .93 
.442 00 00 OO | .20 | 27 | 45 | 64 SS 
.46 0 0 0 | 68 | .I9 | .32 | C4 Ry 
.48 0 0 0 .04 yy 24 .37 .70 
.50 0 0 © | @2 |.410 | .t7 |. | 4S 
RN ey 0 0 O | @2 | .21 |. | 3D) oe 
534 0 0 0 Oo | Mo | 32 | ee | oe | ee 
554 0 0 0 00 .06 an .26 .42 .68 
57 0; OO © 022 |. DW | S| a4 
.59 OO .@ | O03 .i4 .20 .36 53 .66 .80 
.61 0 00; GO| .@3 | .11| .16)| 24 | SS | Sl | 66h lO CL 
.63 0 1 | OS | | .210 | «39 .27 | 3S | ae .64 716 = .84 91 
.645 01 U3 | © .14\|.20 BD 4 47 .60 a2 81 88 .94 
.665 .02 306 | .11.| .18| 26.38 | 47 | .66 .74 .85 93 .99 
.68 .04 Ad | <85 | 123) 3m | 45 | SS | O64 |.72 | Oo |) | Ow Le 
.70 .04 23) 28 | .25 | «37 | 49) .SS | .70 | .78 | 86 6 9S | SB 1.0 
ota .06 aS | see | coe | 01. | 52) 62 | <7 | SI 89 § .95 .99 1.00 
.74 .09 a9 | sae | soe | AS 55 .66 .80 .87 .93 .97 1.00 1.00 
The percentages of light transmitted by the iodine in carbon 
bisulphide are given in Table I. From these values Table II. was 


obtained, which gives the transmission for solutions 1 cm. in thick- 


Clear 
os 


.98 


.96 
.94 
.90 
.87 
.83 
.84 

84 
.85 


.88 
92 


95 


.99 


~ 
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ness. In these and the three following tables the concentrations 
are given in milligrams per cubic centimeter, and also as normal 


solutions. 


Tasce II. 
Transmission of lodinetn Carbon Bisulphid / r/aver 1 cm. in thickne Computed 
somaniee. Transmission, /, ; Extinction Coefficients. 
Conc. 
mg.perc.c. 79 ? 0.25 0.07 .035 .O17 2.9 1. 0.25 0.07 0.035 0.017 
Foor scl .O117 .003g .00COg® .00028 .00014 .00007 .OI1I7 .CC3g .0OCg8 .0cO028 .0COO14 .00007 
.406 uu 58 91 94 1.00 .545 .0924 .060 
.424 .09 .79 .86 1.00 2.410 sao ASL 00 
442 00 .34 .60 .74 = .90 001.080 .510 .369 .105 
.46 0; .&2 .46 .59 .85 2.12 779 .528 .165 
.48 0) | <a 50) 77 3.020 0.996 .697 .263 
.50 0 .02 .28 43 .69 3.900 1.271 .845 .372 
.517 0 .03 Pe j 42 .67 3.471 1.312 .868 .402 
534 0 .04 31 .46 .69 3.230 '1.171 .779 | .372 
.554 0 6 & 53 2.530 .972 .635 
. 00 .48 Be 00 my: .263 
.59 .04 Be 4 .62 72 .84 3.230 1.142 .478 .328 .174 
.61 .20 72 1.610 .328 
.63 3] .58 .79 .84 .92 1171 .545 .235 .174 .084 
.645 04 .82 38 3.230 .197 .128 
.665 .49 Be 1.00 715) .328 
.68 .20 .89 1.00 1.010 .116 
70 25 59 .82 1.388 .528 .193 
72 27 64 .86 .96 1.312; .445| .151| .041 


The absorption of solutions of iodine in alcohol differs very 
markedly from that of iodine in carbon bisulphide. The solutions 


are far more transparent in the red and yellow, hence greater con- 


centrations could be used. Measurements with the spectropho- 
tometer show for all concentrations a_ rapidly increasing opac- 
ity toward the violet. This is best shown in Fig. 2 (obtained by 


computation like Fig. 1), where it will be noticed that a solution of 
0.05 mg. per c.c. instead of being nearly transparent at 4 = .4 4, 
transmits only about 20 per cent. of the incident light. In the red, 
on the other hand, the opa ity of the alcohol solutions is relatively 
much less than that of a corresponding solution in carbon bisul- 


phide. Forexample, a solution containing 3.2 mg. per c.c. transmits 


D 
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600 per cent. at A= 


“# 


COBLEN7Z. [Vor NVI 


2 #, whereas the corresponding solution in 


CS, allows scarcely 6 per cent. of the incident light to pass through 


ot tt TT fol! 





Fig. 2. lodine in Alcoho 





at that wave-length. The dilute 
alcohol solutions are dichroic, 
so that we have an increase in 
the amount of light transmitted 
in the region where the CS, 
solutions showed a maximum 
absorption. From the steep- 
ness of the transmission curves, 
Fig. 2, for the weaker solutions, 
which begin to trend sharply 
downward at about 4=.50 p, 
one would infer the existence of 
an absorption band located in 


the ultra-violet. 


The very different absorption of iodine in these two solvents is 


further exhibited in the 
isochromatic curves in 
Figs. 3 and 4, which 
show. the increasing 
opacity of the various 
wave-lengths as the con- 
centration increases. 
From the isochromatic 
curves, for solutions 1 
cm. in thickness, wher 
concentrations are 
plotted as abscissa and 
transmission as_ ordi- 
nates, the transmission 
of normal solutions, J7 
= .O1, .OO! and .oool, 
were obtained and are 


given in Table Ila. 


ission. 


i ransm 


7 




















Fig. 3. Iodine in CS,. 


In Table IV. the transmission of alcohol solutions 1 cm. in thick- 


ness is given. These values were obtained from Table III. by com- 





No. 1.] SOME OPTICAL PROPERTIES OF [ODINE. 41 


putation, in the same manner as for the carbon bisulphide 


solutions, 








Fig. 4. Solution in Alcohol 


TABLE Ila. 


Transmission of Carbon Bisulphide Sols. Transmission of Alcoho!} Sols. 
Normal! Solutions (.1/ = 1). Norma! Solutions (.1/ = 1) 


Wave- Wave- 

lengths f= 01 iJ .001, f - coor. lengths M. -= oor. Wf .ooor. 
in“. in mw. 
.50 2 42 .46 24 60 
56 13 64 50 50 73 
59 30 72 .534 60 80 
.60 0 38 77 57 67 84 
.64 7 60 87 61 78 89 
.66 18 69 93 .645 89 97 
.68 24 75 96 .665 92 99 
.70 29 82 99 .68 96 100 
72 32 85 100 


Krom the equation 


fal 


the extinction coefficient,' 4, was computed for a thickness, d, 
(= 1 cm.), using the percentages of light transmitted given in 


'Angstrém, Wied. Ann., 30, p. 715 (1889). 
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TaBLe III. 


Transmission of Iodine in Ethyl Alcohol. Cell 1.5 cm. in Thicknes 


Wave- Transmission, / , 
lengths. . 0 

Concentra- Clear 
tions. Sol. 6mg. C.c. 4.5 3-2 1.6 1.0 0.5 0.25 0.13 0.5 
Normal 77 VV 71 WV Vv 

— — .024 018 13 0063 0 a | —7 = 098 = .00051 -0002 
.406 « .94 .09 15 
.424 00 .16 24 
.442 .09 .26 .36 
.460 ye .35 47 
.48 .94 .04 .26 .43 .54 
.50 13 .39 .52 .63 
.517 .96 00 .18 45 .59 .67 
.534 .04 .24 51 .62 .70 
.554 .96 .09 .29 .56 .66 74 
A 00 Py .38 .59 .68 79 
59 .97 .07 .18 .44 .66 aa .83 
.61 .98 00 .14 .28 .50 mf .78 .87 
.63 .99 .02 .06 .08 .24 .47 .61 .76 .83 91 
.645 .05 .09 .13 a .54 Re 85 91 .96 
.665 .99 .10 .14 i .47 .68 .83 .92 .96 .99 
.68 .16 .24 Re .64 .78 .89 95 .97 .99 
70 1.00 fey me 53 72 .84 .92 .97 .99 1.00 
me .28 .44 61 78 .87 .94 .97 1.00 

Tables Il. and IV. The corresponding extinction coefficients are 

given in the same tables. 
This work was performed at room temperature, — about 20° C.— 

on old and new solutions. The principal errors in such work are 


those introduced in handling the solutions, which evaporate readily, 
and those due to inaccuracies in the spectrophotometric comparisons, 


which depend in part upon the physical condition of the observer. 


Observations in the Infra-red. 

The Radiometer.— This instrument was built according to the de- 
sign used by Nichols ' and only the modifications to suit the work in 
hand need be described. The vanes were of mica blackened by 
burning camphor gum. To cause the lamp-black to adhere to the 
mica, a very thin coating of beeswax was first applied by means of 


a hot wire. When the vanes were held above the burning gum the 


IE. F. Nichols, PHysicaAr REVIEW, Vol. 11, p. 891 (1897 
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TABLE IV. 


Transmission of lodinein Ethyl Alcohol for a Layer 1 om. in Thickne 


Computed from Table 111. 

aaa. Transmission, /, + /. Extinction Coefficients. 

gen ahr 1.6 1.0 0.5 0.25 0.05 1.6 1.0 0.5 0.25 0.05 
&- per c.c. 

Fa ams yi .0039 .00197 .00098 .0002 .0063 0039 .00197 00098 0002 
424 .38 .972 
.460 29 58 1.389 = .545 
50 .24 52 Pf 1.430 .655 .343 
.517 me 7 1.150 
534 .38 .62 .77 .972 | .478| .263 
.554 .09 .82 2.410 .198 
ae 23 .50 .69 1470 .697  .372 
.59 .08 ae 87 2.530 1.150 .500 1.39 
.61 Be | .61 .78 Laue 496 .249 
.63 .38 .60 .93 992| 3510 .072 
.645 .50 .80 .90 .97 .697 .226 .106 .034 
665 .60 .77 .88 510 .263 ..128 
.68 .74 85 32 .96 1.00 369 .165 .0835 .041 00 
.70 .80 .98 .226 .020 
Py y 85 .92 .96 165 .0835 .041 

wax softened, and the soot deposited in an even layer. The inner 


window was of mica while the outer one was of plate glass. 

The quartz fiber suspension was purposely chosen of medium 
weight to avoid the effects of temperature changes and earth 
tremors. There seems to be no criterion for selecting a fiber. 
I’xperience shows that a fiber about 8 cm. long, which will float 
freely in still air without bending over, is a good one to begin with. 
Such a fiber is quite invisible when held in the light on a cloudy 
day. The one used in this work was of such a nature, and obser- 
vations could be made at any time of the day without being affected 
by-outside disturbances. The drift of the zero reading was small, 
never greater than 1.5 mm. during one reading. Electrification of the 
vanes in exhausting was the only source of annoyance. This elec- 
trification was found greatest, 7. ¢., the vanes were attracted to the 
mica window the longest, for newly blackened vanes. The vanes no 
doubt become electrified in handling. The most effective treatment 


was to wipe off the mica window with alcohol or, better still, with 
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water, just before exhausting. This trouble was avoided to some 
extent by exhausting slowly, and during the latter part of the work, 
by covering the mica window with tinfoil. The spectrometer slits 
were .4 mm. wide and the maximum deflection, as read on a scale 
at a distance of 1.5 m., was 40 +cm. Thepressure, measured bya 
McLeod gauge, was about .08 mm. and the period was such that 
the maximum deflection was reached in 16 seconds. 

The Spectrometry. — A mirror spectrometer was used. The mir- 
rors were of 14 centimeters focal length, 6 cm. aperture, and were 
in good condition. The arrangement of the apparatus is shown in 
Fig. 5, in which /) is the collimator slit; C is the cell containing 

_— the solution; S, a double 


¥ 


screen which could be inter- 


Y ae posed or removed by the ob- 

? server at the reading telesc ype; 

P, the carbon bisulphide 

- {\' \is prism; and A, the radiome- 
[c IH = |] \ ter. To a bracket, rigidly 
Bb “ attached to the collimator 

Wie tube, a cylindrical flame ace- 

Fig. 5. tylene burner was mounted, 


with its center directly behind 
the collimator slit. In order to avoid the inconvenience of shifting 
the radiometer in exploring the spectrum, the arm carrying the mirror 
and the slit, /,, which is placed at the vertical focus of the refracted 
ray, was clamped rigidly and placed in line with the radiometer. 
This makes the radiometer and spectrometer each a system by 
itself, and the shifting of either will simply vary the total amount 
of energy falling upon the vanes. 

The spectrometer and radiometer were rigidly fixed upon a heavy 
slate slab. A bit of white paper on the rear wall of the radiometer 
indicated whether all the incident light fell upon the mica vane. 
The sensitiveness of the radiometer was varied by means of the 
leveling-screw opposite the window, and also by means of the ex- 
haust pump. 


In this work ratios are dealt with, and the only errors due to 


shifting would occur during two successive readings. The consistent 
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results of successive settings leads to the conclusion that no such 
shifting occurred. This is best graphically illustrated in Fig. 6, 
which shows the constancy of the point of maximum deflection 
The data for these curves are se- 
lected at random from the note 


: t ei eral * " 
book They extend over severa AG. 
ae 


months, and originally were not 


taken to illustrate this point. > —_ ~ ; 
Phe prism was set for minimum r. 1 ™N 
aS 
deviation of the Y lines by means ma SS 
of a_ telescope By moving th I 
collimator which carried the light, 
different portions of the spectrum 
ould be brought on the radi 
meter | | | | 
Changes of temperature are neg- 


ligible, since it is known that for 
a carbon bisulphide prism a change of temperature of 5° is necessary 
to bring the /), line in the place of ),.' | The temperature of the 
prism was observed at the beginning and at the end of each series 
of measurements. It was found that during a single series of 
observations, which took from 30 to 50 minutes, the variation was 
only about 0°.3 C., the maximum recorded being 0°.6 C. The 
temperature of the room was fairly constant at 18° C. in the morn- 
ing, rising to 19° or 20° 1n the afternoon The solutions stood on 
an open shelf in the same room and were assumed to be at the same 
temperature 

Calibration.—The spectrometer was calibrated by using Snow's’ 
values for the position of the sodium lines at 0.59 », 0.83 y and 


1.4 #, and by observing the position of the emission band of CO, 


at 2.7 w. The wave-length of this band has been determined by 
Paschen. The position of the sodium lines was determined”* by 
mounting an electric arc of cored carbons, filled with pure sodium 


chloride, in plac e of the acetylene flame and noting the circle read 
'G. Kriiss, Kolorimetrie, last ed., also Berlin Chem. Ges., 17, p. 2732 (1854 
Paschen, Wied. Ann., 51, p. I (1894 


Snow, Prysicat Review, Vol. I., p. 28 (1894 
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ing at which a deflection was produced by these lines. The posi- 
tion of the CO, band was similarly observed by using a Bunsen 
acetylene burner. The calibration curve plotted from the observed 


readings is given in Fig. 7. The computed circle readings for the » 





, 
LL = i 
Fig. 7. é 
same lines—indicated on the same curve by the crosses | ), were 
obtained by assuming the indices of refraction of CS, as determined 
by Rubens,' the prism in these computations being taken at min- 
imum deviation for each line. 
3. Curves and Results. — Observations were made with and 
without the cell of iodine solution interposed in the path of the inci 
dent light, and the ratio of the deflections gave the percentage of 
transmission. At first the entire spectrum to 2.7 ” was explored, 
using a single solution. This was found impracticable far in the 
infra-red on account of the absorption band of CS, found by Pas- 
chen’ at 2.7 4, the increased absorption of the glass, and the very 
narrow dispersion of the spectrum in this region. Between 1.8 
and 2.7 4 a slight variation in the circle reading caused a great 
variation in transmission through the same solution. ‘ 


' Rubens, Wied. Ann., 53 (1894). 
2 Paschen, Wied. Ann., p. 337 (1894 
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To avoid errors in setting the collimator, from 1.8 4 to 2.7 4, a 
less convenient method had to be adopted. The collimator arm 
was set so that a given region of the spectrum fell upon the radiom- 
eter vane, and the transmission of the entire group of solutions 
was found without changing the setting. This method gave con- 
sistent results. The influence of the walls of the cell and the solvent 
were climinated as in the case of the spectrophotometric observa- 
tions already described, by determining the transmission through 


the ct 1] when filled with clear ( arbon bisulphide. 


The absorption of the cell when filled with a saturated solution 
of iodine in CS, is best illustrated by the curves in Fig. 8. The 
ordinates are deflections in centimeters, and the abscissa are wave- 
lengths. Curve I. shows the deflections in various parts of the 
spectrum when the radiometer vane was exposed. to the uninter- 
rupted rays of the acetylene flame, while curve I]. shows the corre- 
sponding deflections after the light has passe d through the cell con 
taining the iodine solution. The ratio of the two curves beyond 


76 wis about .7; 
Table V. gives the percentage of radiation transmitted by the cell 
filled with cleat CS. and with various concentrations of iodine rang- 
ing from 2.5 milligrams per c.c. to saturation. 
The data contained in this table are shown graphically in Fig. 9, 
from which it will be seen that the cell containing clear CS, 
is not uniform in its transmitting power for different rays, the curve 


being a minimum at about 1.0 4, anda maximum at 1.8 #. The 
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TABLE V. 


“a ‘ 
Wave Transmission, 
lengths 


—_— — C ty cs > ie Ps 5 mg 10 mg 20 mg. oe eo ey 
.73 63 2 00 00 00 00 
.76 64.5 34 18 7 00 00 
.78 65 43 31 18 5 00 
81 66 53 +4 34 17 00 
.84 65 55 50 46 35 00 
88 62 59 54 §2 48 1] 
.92 61 58 54 56 32 
97 61 57 60 59 48 

1.02 63 59 62 61 54 
1.08 64 61 63 

1.16 65 65 6 66 63 64.5 
1.26 6/ 63.5 /U 69 66 6 
1.40 70 71.5 69 71.5 70 71 
1.56 74 75 74 74 75 76 
1.80 78 78.5 75 76.5 78.5 79 
L.42 73 ta 72.5 72 73.5 13.5 
2.70 59 57 55 59 2) 7.3 

















curves for the transmitting power of the cell when filled with th e 
iodine solutions rise rapidly from zero in the region between 0.7 # and 
0.9 # and join the curve for the clear CS, at about 11 4 t ap 

\¢ — — — - - - _ ——— $$ ___—_—_— ~ —_—— ~_ ———— 
e 40 
6. 

3U 

J 

Fig 
’ 


pears that beyond this point the addition of iodine to the solution 


has no effect whatever upon the transmitting power. This effect 





a ‘ 
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J 


will be noticed again in considering the transmission through solid 
films of iodine, while the absorption band is of interest in the work 
on anomalous dispersion. 

Similar measurements of the transmission of iodine in ethyl alcohol 


were made, but it was found impossible to carry the observations 





er 5 - ~— a 
. 
ff Pia —\s 
/, \\ 
|| \ 
[| 
| vi "i Fe | 
iy A \\or an 
io ~~ | 
/ cis 
| / f 
= | / | \ } 
| . 
| . 
beyond 1.4 4 Ccou l of the alcohol, 
the trai nission oO vhich at that ive-I¢ th was on} per cent 
The transmis 1 of iodine ina hol is shown in Fig. 10, from 
vhich it ll he ceen that ¢t] shol was hu n ne f {, 
Wii L it \ I wt Il Lila Ll rif Vals DY no means rC¢ irom 
water, as vident from the presence of the narrow absorption 
‘ - 2 = ; len k of the 
bands at .Oz-nwand I th, | ives an excellent check ol the 
spectrometer calibration for this region. Abney and Festing' have 


{i 


published photographs of the infra-red absorption spectrum of ethyl 


alcohol, which shows the bands. The observations of EK. -F 
Nichols? also agree with the above, showing that alcohol becomes 


robable that the presence of 


opaque at about 1.44. It seems 


these bands and the rapidly increasing opacity of the alcohol for 


the longer wave-| noths is duc t » the presence of water. Puccianti® 
has published descriptive curves for pure alcohol which show that 
the transparency extends beyond 1.44. Table VI. gives the 


'Abney and Festing, Phil. Trans., Vol. 172, p. 887 (1881 
io. F. Nichols, Piystcar Review, Vol. 1, p. 1 
3.u inti, Nuovo Ciment . Yo. af 241 1900 
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measurements of iodine dissolved in alcohol, for solutions contain- 


ing respectively 3, 15 and 30 milligrams per c.c. —also a saturated 


solution. 


Paste VI. 


7ransmisstor 

Wave-lengths. 

Concentrations. ex oa 
68 u 76 
.70 73 
ae 73 
.76 70 
.78 71 
81 67 
84 64 
.88 62 
.92 54 
.98 56 
1.02 52.5 
1.08 25 
1.16 30 
1.28 5 
1.40 3 
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fourteen times more sensitive. 


chemical action occurred. 


yf 


ein £1 
Transmission, /, . 

15 Mg. per c.c. 30 mg. oe 
40 Z1 00 
44 26 + 
56 49 14 
58 53 17 
59 57 26 
60 58 31 
61 57 30 
57 51 5 
51 49.5 25 

+9 23 
52 40 25.5 
23 21.5 12.5 
9.5 24 18 
) 4 + 
5 4 3 
absorption Of new and old 


e question of the difierer 


‘ 


STLIIS 


mn,’ is illustrated by the curves in 


sion through a saturated solution 
While new, curve I., and 

after standing thirty-one 

| days, curve | The 


comparison 1s not quite 
a fair one in the regions 
where the energy trans- 
mitted is small, ¢ be 

yond 1.6 #, because for 
the first curve avery 
stiff fiber was us d, while 
for the second curve the 
radiometer was almost 


But, as a whole, they show that no 
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THE EFFECT OF ATIGH TEMPERATURES ON THE 
CHANGE OF RESISTANCE OF BISMUTH IN A 
MAGNETIC FIELD. 


By FRANK B. JEWETI 





| N a series Of experiments carried on at Ryerson Phy sical Labora- 

tory, University of Chicago, during the winter of 18qQ9—1g00, 
some interesting results were obtained regarding the effect of high 
temperatures on the change of resistance of bismuth wire in a 
magnetic field. The experiments were originally undertaken simply 
to determine the allowable temperature variations in the ordinary 
form of commercial spiral, as used in measuring field strengths. 
As the results soon showed, however, that at the higher tempera 
tures the change of resistance curve varied greatly from its mean 
temperature form, the experiments were carried on much beyond 
the originally set limits. A few of the results, together with a 
‘short description of the method employed in forming the spirals, 
are appended in the following article. 

The commercial spiral as prepared by Hartman & Braun, con 
sists simply of a flat, non-inductive coil of comparatively fine wire 
having a resistance of from 12 to 20 ohms. The manner of mak- 
ing the wire would seem to point to a crystallographic formation 
such that any direction through the coil is one of mean resistance ; 
this was the assumption though no microscopic examination of a 
wire section was made. 

At the time of the experiments the impossibility of procuring 
bismuth wire made the employment of a quick and simple process 
for its manufacture necessary. After a number of trials the fol- 
lowing scheme was, adopted as giving more satisfactory results than 
the ordinary mode of casting in capillary tubes. Two long pieces 
of cast iron were first planed smooth and fitted with machine screws 
for clamping them firmly together ; shallow, slightly trapezoidal 


grooves were then planed in one of the pieces and a reservoir cut 








i) 
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in one end (Fig. 1); the grooves were highly polished in order to 
facilitate the removal of the castings. These latter were formed by 
standing the mould, heated almost to redness, upon an iron plate 
and pouring molten bismuth into the upper or reservoir end. Since 
bismuth is malleable at about 200° C. the cap plate was taken off 
the mould while still quite hot and the castings removed. The 
were neither of the 


wires thus formed, while of the desired length 


’ 


right shape nor cross section to be easily worked; to reduce the 


amount of metal, the strips were clamped between pieces of 





heavy sheet brass and the whole filed down the requisite amount. 
This filing breaks up the crystalline continuity and renders the 
metal extremely friable ; recrystallization is accomplished by trans 


ferring the now more or less square filament to a metal plate whose 


1 


lightly above the m lting point of bismuth [his 


temperature ts slig! 


1° 9 
| 
i 


process serves a double end, for not only does it recrystallize the 


metal, but at the same time the surface tension causes the wire to 
assume a formyof almost circular cross section. Care must be ex- 
ercised lest Ahe plate be too hot, in which instance the surface ten- 


+ 


sion causes the wire to break and collect in globules. With the 
aid of a hot plate the wire formed as above can be readily worked 
into any desired shape. The spiral once formed the only remaining 
difficulty is in fastening on the terminal wires — for low temperatures 
this can be readily accomplished by the use of ordinary soft solder, 
but as such a joint is in reality simply a piece of fusible metal, other 
methods must be employed when the temperature is to be above go 

C. After many fruitless attempts pure bismuth was found to answer 


better than any other solder, although its application is somewhat 


difficult. To facilitate handling and at the same time protect the 





ios) 


+ 


spiral from chance injury it was enclosed ina shallow fiber capsule 
with screw top. 


In order to obtain consistent results, it is of prime importance that 


the bismuth employed be as pure as possible, slight admixtures of 
foreign metals causing great variations in behavior under identical 
conditions. In the following work the castings were made from 
metal electrolytically deposited from an acid nitrate solution with a 
rod of Kohlbaum's C, P. for an anode. The variations in the be- 
havior of specimens 4 and / (Tables I. and II.) are probably due 
to the fact that the wires of which the two spirals were constructed 
had nsiderably different diameters, and as is well known, the size 
of the tals vary with the dimensions of the casting, when the 
latter is not made under pressure. 

lor keep th iral at any desired temperature, a bath of 
heavy mineral oil was used; the box containing the oil was of 


brass, furnished with insets at the sides to permit of the close 
adjustment of the pole pieces. The heating was accomplished by 
means of Bunsen burners and fairly constant and uniform tempera- 
tures were maintained by means of an electrically driven propeller. 


Ihe magnet used was one designed to give a uniform field of 


35,000 C.G.S. units over a considerable area for pole pieces 3 
mm. apart. 
ussion of the Results. In making the determinations the 


ss was simply to bring the spiral to the desired temperature, 


and after constant conditions had been attained, to measure the 


resistance in fields of various strengths. A condensed outline of 


the results is given in Tables I. and II. and the corresponding 
curves are plotted in Figs. 2 and 3— Table I. and Fig. 2 refer 
to specimen |— Table II. and Fig. 3 to specimen /. In plot- 


ting the curves, absciss were taken to represent field strengths in 
C.G.S. units and ordinates to represent percentage changes of 


R — Ro naa » . 5 
resistance — , Where X is the resistance of the spiral at any 
AO 
temperature in field 47 and Xo is the resistance at the same tem- 
perature outside the magnetic field. 
Upon examining the plates it will be noticed that in every case, 


with the possible exception of the one for 24°, the curves seem to 
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consist of two straight lines representing regions of uniform varia- 
tion, connected by a more or less extended curve denoting a region 
of non-uniform variation —in each case also the percentage change 


is greater in the second half of the curve. As the temperature of 
g | 
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Fig. 2. 
the spiral is raised this variable portion seems to travel toward the 
region of denser magnetic flux. 
Even more striking is the apparent existence of fairly well defined ’ 


temperatures of subsidiary minimum and maximum variation in the 
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_ 
region below //= 10,000. For spiral 4 the number of readings 


was too small to give anything but a general idea as to the location 


of these points ; in the case of A, however, if the readings for vari- 
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tures as abscissz (Fig. 4), it is seen that the point of minimum 


ous values of // are plotted with as ordinates and tempera- 


variation is in the neighborhood of 80°, while the succeeding maxi- 
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mum occurs somewhere between 100° and 115°. Beyond this point 
further increase in temperature causes a continuous diminution in 
the percentage change of A with respect to //. It is also evident 
that the greatest variation occurs for /7 = 6,000 and that the mini- 
g js 
mum disappears at about /j ),000 
| 
| 
% 
\ 
' 
10¢ “20° 0 1 
F 4. 
’ 


While not plotted the corresponding curves for specimen / would 


apparently be quite similar —so far at least as regards the point 
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fluenc ; oe 


of maximum field in 


) 4s somewh« re mm 


for this specim« 


In both Figs. 3 and 4 are plott 
of resistance for 27° and — g 
ings taken by Dr. E. Van Everdis 
the Hall effect in crystalline bismut 


The curves marked I. were from 


point of minimum 
ir // 15,000 


ed curves showing the variation 
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A” 


readings taken wit] 


of maximum resistance in the rod « iding with the lines of fore: 
. | 1 1: ‘ 4 

Curves I]. have this direction perpendicular to the lin In 
both plates the mean of the two cur\ ir hown by the dashed 


lines and the proximity of the m« 


would seem. to indicate that th Th isly stated assumption re 
1 2 
sarding the direction of mean resist e in the spiral was justifiabl 
/ A 
Phe values of = for » Te ; are those of the mean 
‘\¢ 
ur\ ror ft { mMperature 
WI] { e 101 l it 240 how ¢ itive | {ol 
= 
1 cetween / ind // I it is doubtful if much re 
1 | } 
liance can be placed on it, as two or thi set readi on A 
at nerhborin temperatures above and below this point howed 


that at about 245° the metal 


- | 

of t a magnetic field 
: .. J : ot 

Since Dismuth | es its crystalline 


+ 


this connection it is interesting to 


oses entirely the property of change 


This iS what would be expe ted 
tructure at about 245-250 In 


note that with thin plates of non 


crystalline bismuth, formed by means of the cathode stream, no 


evidence of any magnetic effect 
even at field str neths as high as 


] + + ] 
It is to be regretted that a lat 


temperature intervals was not mad 
results were plotted, the peculiar 


overlooked. In case the experim« 
seem advisable to discard the « 
slender rods cut from elec trolytic 


by Dr. Van Everdingen ; this wou 


the resistance was observable 


r number of readings at shorter 


, but as at the time none of the 


inversion effect was inadvertently 


‘nts were to be repeated it would 


ast spiral form entirely and use 


lly ar p sited plate 5s, aS was done 


erm j terminati ine 
Id permit of determinations be ing 


made for both positions of the axis of maximum resistance. 
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Temp. 


24.0 
24.0 
24.0 
24.0 
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23.5 
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Temp 
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322 
345 
353 
385 
397 


.414 
.430 


443 
454 
163 
469 
476 
480 


.488 


498 


512 
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530 
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334 
360 


.386 


401 
410 
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422 


.288 


303 
320 
320 
340 


.400 


297 
335 
348 
355 
364 


312 


373 
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B. JEWETT. 
TABLE I. 
wd Temp. 
0 100 
0.017 100 
0.023 100 
0.047 100 
0.056 100 
0.069 100 
0.081 100 
0.091 
0.100 140 
0.106 140 
0.112 139.5 
0.116 140 
0.119 140 
0.125 140 
0.133 140.5 
0.144 139.5 
0.150 
0.157 200 
0.163 200 
199.5 
0 201 
0.019 199.5 
0.038 200 
0.050 200 
0.057 
0.062 
0.066 
TABLE II. 
Temp. 
0 240 
0.012 240.5 
0.025 240 
0.025 239.5 
0.040 239 
0.087; ? 241 
241 
0 
0.029 
0.039 
0.044 
0.051 
0.057 
0.058 


0 
7,100 
9,700 

10,600 
11,000 
11,500 
11,900 


0 
7,100 
9,700 

10,600 
11,000 
11,500 
11,900 
12,300 


0 
7,100 
9.700 

10,600 
11,000 
11,500 
11,900 


0 
7,100 
9,700 

10,600 
11,500 
11,500 
11,900 
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218 
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QD 


0 
0.030 
0.041 
0.045 
0.048 
0.052 
0.056 


0 
0.029 
0.038 
0.044 
0.049 
0.052 
0.053 
0.054 


0 
0.0022 
0.0022 
0.0037 
0.0052 
0.0052 
0.0052 


0 
0.007 
0.001 
0.019 
0.022 
0.019 
0.012 
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In conclusion I wish to express my appreciation of the interest 
shown throughout the work by Professors Michelson and Stratton, 
and to thank Professor Stratton for many suggestions given. My 
thanks are also due to Dr. Earhart for help rendered in the pre- 
liminary readings. 


30STON, MASs., 
October 23, 1902. 
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NOTE ON MAGNETOSTRICTION IN) BISMUTH 


VI R.A. P. WILLS published in the issue of the PHysicaL REVIEW 
4 for July, 1902, an interesting memoir on magnetostriction in 


bismuth. Using intense magnetic fields up to 3200 C.G.S. units, 


this phvsicist undertook to determine whether bismuth undergoes 


elongation when submitted to the action of magnetism. Such an 
elongation was found by Shelford Bidwell, in 1888, and was con 
sidered as very perceptible, even with the magnetic field of 470 
C.G.5.units. 

17 ] 


It seems well to call attention to several articles published pre 


viously on the same subje t, and w hich have es« iped the notice of 


the American physicist raking them altogether, we can draw from 
them the same conclusion as that reached in the experiments of Mr. 


Wills. 

[yndall * was probably the first to examine the question, but he 
observed no variation in length. Later, G. P. Grimaldi* undertook 
to find out whether the great influence exercised by magnetism on 
the electric resistance and on the thermoelectric power of bismuth 
could be explained by certain deformations which this metal under- 
went in the magnetic field. Even with a very sensitive apparatus 
he was unable to find any variation of length in bars of bismuth 
about 30 to 40 cm. long. 

In 1892 I also examined the influence of magnetization on the 
length of a bar of bismuth,’ using Fizeau’s method of interference 
fringes, and a bar of bismuth 31 cm. long. This was made of the 
absolutely pure metal that had been used by Classen for the deter 


'fyndall: On Some Mechanical Effects of Magnetization, published in his Re 


searches on Diamagnetism and Magnetocrystallic Action, London, 1870. 
* Nuovo Cimento, Third Series, Vol. 23, p. 211, 1888. Journal de Physique, Second 
Series, Vol. VIII., p. 552, 1889 


} Journal de Physique, 3d Series, \ I, page 424, 1892. Gustav Wiedemann, Iie 


Lehre von der Elektricitat, second edition, vol. 3, page 1023, 1895 


) 
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mination of atomic weight, and which I had used in my researches 
on electric resistanc Nevertheless no elongation could be found. 
In the report of the meeting of the Royal Society of Edinburgh,' 
Mav 16, 1899, we find the following statement: ‘“ Dr. C. G. Knott 
gave a short note on Magnetic Strains in Bismuth. A slight indi- 
cation has been obtained that there was a change of form in bismuth 
when strongly magnetized, but the indication was so slight that it 
was more prudent meanwhile to reserve judgment.”’ Several days 
later Shelford Bidwell called attention in the same review? to the fact 
that he had observed, in 1888 (Philosophical Transactions), an 
elongation in a bar of bismuth amounting to 1.5 ten-millionths of 
the length for a magnetic field of 840 C.G.S. units. He has, since 
that time, repeated the same experiment with another sample of bis- 
muth furnished by Messrs. Johnson and Matthey, but, although the 


’ 


magnetic field was now carried up to about 1500 units, he could 


| 


not even then observe the least indication of any change in the 


length.’ Nevertheless an elongation ten times less than that 
previously observed could have been noticed. So Shelford Bidwell 


adds: ‘‘ After this experiment I should hesitate to attach im] 
tance to any such observations, unless the bismuth employed had 
been proved by analysis to be free from traces of magnetizable 
metals.’’ 

[his interesting article is followed by several lines by C. G 
Knott, who recognizes the necessity of working with the pure 
metal, but declares that he has not paid especial attention to this 
point in his experiments. In a letter which he afterwards did me 
the honor to send to me, the same physicist wrote that he consid- 
ered the bismuth with which he had worked as certainly impure, 
although the metal had been as pure as_ possible. The effect 


observed was, moreover, very weak and doubtful. 
In 1899,' Nature published a note by me on the same subject, 
in which note I called attention to the fact that I had obtained 
Pa “+l a +] } : 
similar results with a piece of bismuth whose purity was beyond 


doubt, and by the use of a very sensitive method. 


s*6 Th vas never the smallest in ition of any magnetic char of lengt! 
‘N don, August 17, 1599, | @ 374. 











mete eet 


oer en ee ae 














62 E. VAN AUBEL. (Vor. XVI. 


This bibliography shows that all the experiments made up to this 
time agree to establish the fact that a bar of pure bismuth does not 
change in length in a magnetic field. 

Mr. Will's experiments, also performed apparently with the pure 
metal, and in powerful magnetic fields reaching up to 3200 C.G.S. 
units, give additional confirmation of the previous results. 


UNIVERSITY OF GHENT, 
August, 1902 
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NEW BOOKS 


The Electric Airc. By HeErtua Ayrrox. Pp. xxv + 479. New 
York, Van Nostrand; London, The Electrician Pub 


1TQO2 

At the Electrical Congress in Chicago in 1593 Professor Ayrton read 
a paper on the electric arc, the manuscript of which was destroyed by fire 
be : publ tl! 1} »who had the pl f | vu hi ; 
yelore publica on. nose who had the pleasure ol istening to his paper 
will recognize in Mrs. Ayrton’s volume the restatement in fuller form of 


its salient features, together with a wealth of new experimental material 
her own he book isin form and character indeed a scientific memoir 


the res ilts of the iuthor’s Own Investigations are given 1n vreat 


detail Phis method of publishing the results of an extended investiga 
tion, while unusual, possesses many advantages It is possible in the first 
pla is Mi \yvrton has done, to give nearly a hundred pages to a his 
tory of t sclentific literature and to describe in an adequate manner the 
work of one’ yntemporaries, instead of merely alluding to them in foot 
notes, whicl | that is possible to the author who publishes his results 
in th tific journals. In this way only can the bearing of one’s work 
to that which has gone before be properly brought out and the real na 


ture of the advance which has been made be clearly indicated. 
Phe difference between Mrs. Ayrton’s volume and the ordinary scien 


ition will be apparent from the statement that with the ex 


the introductory chapters on the appearance, and history of the 


arc, and three brief appendices, there is no chapter in which her own 


work does not occur as the central feature around which the investigations 
of others are grouped. ‘The inevitable result is, of course, a certain in 
completeness, due to the fact that many topics which would naturally 
enter into a treatise on the electric arc are omitted altogether. Of are 
lamps as such, for example, nothing is said. lhe volume deals solely 
with the physics of the are and almost exclusively with the physics of the 
direct-current arc, since it is with this form chiefly that Mrs. Avrton’s 
own experiments deal. Of the spectrum of the arc, which in itself would 


afford material for a second memoir not less extensive than that which 


Mrs. Ayrton has written, nothing is said, and there are a dozen other 


topics which one might reasonably look for concerning which she has re 


mained silent. he ten chapters which form the substance of the vol 














04 VA l Li ' VOL. AVI N I 


ume, deal with the following topics The phenome connected wit! 


the striking of the are and with sudden variations of current; the stead 


potential differen between the carbons when the leneth of th Lr 
fixed and the current varied, and when the current ts fixed and t length 
of the arc is varied: the area of the crater: the depth of the e1 r> 


relations betw n the diameters of the carbon and the potential differenc 
between them ; the apparent resistance of arc with constant current: tl 


currents and between powel! ind current jor constant nethp ) re the : 

1 1 : 
rel NS tween the E.M.1 the 1 tance of the outsie ( it | 
the length of the arc and the current; t ratio of the power expended i1 if 


. eeameient 
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ue PuysicaL Review beginning with Vol. X VI. (January—June, 
1902) will be conducted with the co-operation of the AMERICAN 
PHYSICAL SOCIETY The separate publication of the BULLETIN of 


the Society has been discontinued and its Proceedings are hereafter 


to be published regularly in the Review 


lhe Proceedings of the Washington meeting of the Physical So- 
ciety (December, 1902) will appear in the March number of the 


REVIEW 








